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Background on Mouse as a Model Organism 

Over the past century, the mouse has developed into the premier mammalian model system 
for genetic research. Scientists from a wide range of biomedical fields have gravitated to the mouse 
because of its close genetic and physiological similarities to humans, as well as the ease with which 
its genome can be manipulated and analyzed. 

Although yeasts, worms and flies are excellent models for studying the cell cycle and many 
developmental processes, mice are far better tools for probing the immune, endocrine, nervous, 
cardiovascular, skeletal and other complex physiological systems that mammals share. Like humans 
and many other mammals, mice naturally develop diseases that affect these systems, including 
cancer, atherosclerosis, hypertension, diabetes, osteoporosis and glaucoma. In addition, certain 
diseases that afflict humans but normally do not strike mice, such as cystic fibrosis and Alzheimer's, 
can be induced by manipulating the mouse genome and environment. Adding to the mouse's appeal 
as a model for biomedical research is the animal's relatively low cost of maintenance and its ability to 
quickly multiply, reproducing as often as every nine weeks. 

Mouse models currently available for genetic research include thousands of unique inbred 
strains and genetically engineered mutants. There are mice prone to different cancers, diabetes, 
obesity, blindness, Lou Gehrig's disease, Huntington's disease, anxiety, aggressive behavior, 
alcoholism and even drug addiction. Immunodeficient mice can also be used as hosts to grow both 
normal and diseased human tissue, a boon for cancer and AIDS research. 

In the early days of biomedical research, scientists developed mouse models by selecting and 
breeding mice to produce offspring with the desired traits. Researchers also learned to produce 
useful, new models of genetic disease quickly and in large numbers by exposing mice to DNA- 
damaging chemicals, a process known as chemical mutagenesis. 

In recent decades, researchers have utilized an array of innovative genetic technologies to 
produce custom-made mouse models for a wide array of specific diseases, as well as to study the 
function of targeted genes. One of the most important advances has been the ability to create 
transgenic mice, in which a new gene is inserted into the animal's germline. Even more powerful 
approaches, dependent on homologous recombination, have permitted the development of tools to 
"knock out" genes, which involves replacing existing genes with altered versions; or to "knock in" 
genes, which involves altering a mouse gene in its natural location. To preserve these extremely 
valuable strains of mice and to assist in the propagation of strains with poor reproduction, researchers 
have taken advantage of state-of-the-art reproductive technologies, including cryopreservation of 
embryos, in vitro fertilization and ovary transplantation. 

The Jackson Laboratory, a publicly supported national repository for mouse models in Bar 
Harbor, Maine, has played a crucial role in the development of the mouse into the leading model for 
biomedical research. Established in 1929, the non-profit center pioneered the use of inbred laboratory 
mice to uncover the genetic basis of human development and disease. In fact, the famous "Black 6" 
or C57BL/6J mouse strain whose genome is the focus of the landmark sequencing effort was 



developed in the early 1920s by The Jackson Laboratory founder Clarence Cook Little. 

Today, researchers at The Jackson Laboratory pursue projects in areas that include cancer, 
development and aging, immune system and blood disorders, neurological and sensory disorders, and 
metabolic diseases. Informatics researchers work with the public sequencing consortium to curate 
and integrate the sequenced mouse genome data with the wealth of biological knowledge collected in 
Jackson's Mouse Genome Informatics resource. 

In addition, The Jackson Laboratory distributes 2,700 different strains and stocks as breeding 
mice, frozen embryos or DNA samples. In FY 2002 alone, the lab supplied approximately 2 million 
mice to the international scientific community. 

Listed below is a sampling of mouse models developed and/or distributed by The Jackson 
Laboratory, along with brief descriptions of the human diseases they are helping scientists to 
understand: 

• Down Syndrome - One of the most common genetic birth defects in humans, 
occurring once in every 800 to 1,000 live births, Down syndrome results from an extra copy of 
chromosome 21, an abnormality known as trisomy. The Ts65Dn mouse, developed at The Jackson 
Laboratory, mimics trisomy 21 and exhibits many of the behavioral, learning, and physiological 
defects associated with the syndrome in humans, including mental deficits, small size, obesity, 
hydrocephalus and thymic defects. This model represents the latest and best improvement of Down 
syndrome models to facilitate research into the human condition. 

• Cystic Fibrosis (CF) - The Cftr knockout mouse has helped advance research into 
cystic fibrosis, the most common fatal genetic disease in the United States today, occurring in 
approximately one of every 3,300 live births. Scientists now know that CF is caused by a small 
defect in the gene that manufactures CFTR, a protein that regulates the passage of salts and water in 
and out of cells. Studies with the Cftr knockout have shown that the disease results from a failure to 
clear certain bacteria from the lung, which leads to mucus retention and subsequent lung disease. 
These mice have become models for developing new approaches to correct the CF defect and cure 
the disease. 

• Cancer - The p53 knockout mouse has a disabled Trp53 tumor suppressor gene that 
makes it highly susceptible to various cancers, including lymphomas and osteosarcomas. The mouse 
has emerged as an important model for human Li-Fraumeni syndrome, a form of familial breast 
cancer. 

• Glaucoma - The DBA/2J mouse exhibits many of the symptoms that are often 
associated with human glaucoma, including elevated intraocular pressure. Glaucoma is a debilitating 
eye disease that is the second leading cause of blindness in the United States. 

• Type 1 Diabetes - This autoimmune disease, also known as Juvenile Diabetes, or 
Insulin Dependent Diabetes Mellitus (IDDM), accounts for up to 10 percent of diabetes cases. Non- 
obese Diabetic (NOD) mice are enabling researchers to identify IDDM susceptibility genes and 
disease mechanisms. 

• Type 2 Diabetes - A metabolic disorder also called Non-Insulin Dependent Diabetes 
Mellitus (NIDDM), this is the most common form of diabetes and occurs primarily after age 40. The 
leading mouse models for NIDDM and obesity research were all developed at The Jackson 
Laboratory: Cp/ at , Lep ob , Lepr dh and tub. 

• Epilepsy - The "slow-wave epilepsy," or swe, mouse is the only model to exhibit both 
of the two major forms of epilepsy: petit mal (absence) and grand mal (convulsive). It shows 
particular promise for research into absence seizures, which occur most often in children. 

• Heart Disease - Elevated blood cholesterol levels and plaque buildup in arteries within 



three months of birth (even on a low-fat diet) are characteristics of several experimental models for 
human atherosclerosis: the Apoe knockout mouse and C57BL/6J. 

• Muscular Dystrophy - The Dmd mdx mouse is a model for Duchenne Muscular 
Dystrophy, a rare neuromuscular disorder in young males that is inherited as an X-linked recessive 
trait and results in progressive muscle degeneration. 

• Ovarian Tumors - The SWR and SWXJ mouse models provide excellent research 
platforms for studying the genetic basis of ovarian granulosa cell tumors, a common and very serious 
form of malignant ovarian tumor in young girls and post-menopausal women. 

Contact: Geoff Spencer NHGRI Phone: (301)402-0911 

Last Reviewed: September 2004 
Top of page 



The Knockout Mouse Project 

Mouse knockout technology provides a powerful means of eluciciating gene function In vho t and a publicly available 
genome-wide collection of mouse knockouts would be significantly enabling for biomedical discovery. To date, published 
knockouts exist for only about 10% of mouse genes. Furthermore, many of these are limited in utility because they have 
not been made or phenotyped in standardized ways, and many are not freely available to researchers. It is time to harness 
new technologies and efficiencies of production to mount a high-throughput international effort to produce and 
phenotype knockouts for ail mouse genes r and place these resources into the public domain. 



Now thai the human and mouse genome 
sequences are known M , attention has turned 
to elucidating gene function and identifying 
gene products that Might have therapeutic 
value. The laboratory mouse (Mm tuusadus) 
ha* had a prominent role in the study of 
human disease mechanisms throughout the 
rich, 100- year history of classical mouse genet- 
ics, exemplified by the lessons learned from 
naturally occurring mutants such as agouti*, 
rceler 5 and obese*. The large-scale production 
and analysis of induced genetic mutations in 
worms, (lies, zebrafish and mice have greatly 
accelerated the understanding of gene function 
in these organisms. Among the model organ- 
isms, the mouse offers particular advantages 
for the study of human biology and disease; (i) 
the mouse is a mammal, and its development, 
body plan, physiology, behavior and diseases 
have much sn common with those of humans: 
(10 almost all (99%) mouse genes have 
homolog* in humam; and (ni) the mouse 
genome supports targeted mutagenesis in spe- 
cific genes by homologous recombination in 
embryonic stem {ES) cells; allowing genes to be 
altered efficiently and precisely. 

The ability to disrupt, or knock out, a spe- 
cific gem? in KS cells and mice was developed 
in the late 1980s { ref. 7), and the use of knock- 
out mice has led to many insights into human 
biology and disea*c*" M . Current technology 
also permits insertion of 'reporter' genes into 
the knocked-out gene, which can then be 
used to determine the temporal and spatial 
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* Authors and their afftliatiom art, lis ted at the 
end of the paper. 



expression pattern of the knocked-out gene in 
mouse tissues, Such marking of cells by a 
reporter gene facilitates the identification of 
new cell types accord uig to their gene expres- 
sion patterns and allows further characteriza- 
tion of marked tissues and single cells. 

Appreciation of the power of mouse genet* 
ics to inform the study of mammalian physi- 
ology and disease, coupled with the advent of 
the mouse genome sequence and the ease of 
producing mutated allele*, has catalyzed pub- 
lic and private sector initiatives to produce 
mouse mutants on a large scale, with the god 
of eventually knocking out a substantial por- 
tion of the mouse genome 1 u -\ Large-scale, 
publicly funded gene-trap programs have 
beeft initiated in several countries, with the 
International Gene Trap Consortium coordi- 
nating certain efforts arid resources 14 *' 7 . 

Despite these etVorts, the total number of 
knockout mice described in the literature is 
relatively modest, corresponding to only - 10% 
of the -25.000 mouse genes. The curatcd 
Mouse Knockout & Mutation Database lists 
2,(V69 unique genes (C Rathbone, personal 
communication), the curatcd Mouse Genome 
Database lists 2,o47 unique genes, and an 
analysts at Lexicon Generics identified 2,492 
unique genes (HZ, unpublished data). Most 
of these knockouis are not readily available to 
scientists who may want to use them in their 
research: for example, only 415 unique genes 
are represented as targeted mutations in the 
Jackson laboratory's Induced Mutant 
Resource database (S. Rockwood, personal 
communication). 

The converging interests of multiple mem- 
bers of the genomics community ted to a meet- 
ing to discuss the advisability and feasibility of 



a dedicated project to produce knockou t alleles 
for ali mouse genes and place them into the 
public domain, The meeting took place from 
30 September to I October 20G3 at the 
Banbury Conference Center at Cold Spring 
Harbor Laboratory. The attendees of the meet- 
ing are the authors of this paper. 

Is a systematic project warranted? 

A coordinated project to systematically knock 
out all mouse genes is likely to be of enormous 
benefit to the research community, given the 
demonstrated power of knockout mice to eluci- 
date gene function, the frequency of uttpre- 
dieted phenotypes in knockout mice, the 
potential economies of scale in an organized 
and carefully planned project, and the high cost 
and lack of availability of knockout mice being 
made in current efforts. Moreover, implement- 
ing such a systematic and comprehensive plan 
will gieatiy accelerate the translation of genome 
sequences into biological insights, Knockout ES 
cells and mice currendy available from the pub- 
lic and private sectors should be incorporated 
into die genome-wide initiative as much, as 
possible, although some may be need to be pro- 
duced again if ihcy were made with suboptimai 
methods (e»$., not including a marker) or if 
their use is restricted by jnidlecftt al property or 
other constraints. The advantages of such a sys- 
tematic and coordinated effort include efficient 
production widi reduced costs uniform use of 
knockout methods, allowing for more compa- 
rability between knockout mice; and ready 
access to mice, their derivatives and data to all 
researchers without encumbrance. Solutions to 
the logistical, organizational and informatics 
issues associated with producing, characteriz- 
ing and distributing such a large number of 
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Figure 1 Structure of resource production in the proposed KOMP. Using the mouse genome sequence 
as a foundation, knockout alkies in ES cells vwill be produced for ail genes. A subset cf ES cell 
knockouts will be used each year to produce kneefcout mice, determine the expression pattern of the 
targeted gene in a variety of tissues and carry out screening-level (Tier 1) phenotyping. In a subset of 
mouse lines, transenptome analysis and more detailed system-speeitic (Tier 2} phenotyping will be 
done. Finally, specialized phenotyping will be done on a smaller number of mouse lines with 
particularly interesting pheoorypes. All stages will occur within trie purview of the KOMP except iot the 
specializ«d phenoSyptng, which will occ^r in individual laboratories with particular expertise. 



mice will draw from the experience of related 
projects in the private sector and in academta, 
which have made or phenotyped hundreds of 
knockout mice using a variety of techniques. 
Lessons learned from these projects include the 
need for redundancy at each step to mitigate 
pipeline bottlenecks and the need for robust 
informatics systems to track the production, 
analysis, maintenance and distribution of thou- 
sands of targeting constructs, ES cells and mice. 

Null-reporter alleles should be Created 
The project should generate alleles that are 
as uniform as possible, to allow efficient pro- 
duction and comparison of mouse phenn- 
types. The alleles should achieve a balance of 
utility* flexibility, throughput and cost, A 
null allele is an indispensable starting point 
for studying the function of every gene. 
Inserting a reporter gene (5-gjjaetosi- 
dase or green fluorescent protein) allows a 
rapid assessment of which cell types nor- 
mally support the expression of that gene. 
Therefore, we propose to produce a null- 
reporter allele for each gene, Making each 
mutation conditional in nature by adding 
tj>e!crnems {e.$„ toxP or FRT site*} would 



be desirable, bui we do not advocate this as 
part of the mutagenesis strategy unless the 
technological limitations currently associ- 
ated with generating conditional targeted 
mutations on a large scale and in a cost- 
effective manner can be overcome. 

A combination of methods should he used 
Various methods can be used to create 
mutated alleles, including gene targeting, 
gene trapping and RNA interference. 
Advantages of conventional gene targeting 
include flexibility in design of alleles, lack of 
limitation to integration hot spots, reliability 
for producing compile loss-of- function alk- 
ies, ability to produce reporter knock-mi and 
conditional alleles, and ability to target splice 
variants and alternative promoters. BAC- 
based targeting has the potential advantages 
of higher recombination efficiencies and fleX' 
ibility for producing complex mutated alle- 
les 15 . Gene trapping is rapid, is cost -effective 
and produces a large variety of inscrtional 
mutations throughout the genome but can be 
somewhat less flexible 17,1 ** 21 . There is u«cer« 
tainty regarding the percentage of gene traps 
(hat produce a true null allele and the fraction 



of the genome that can ultimately be covered 
by gene -trap mutations. Trapping is not 
entirely random but shows preference for 
larger transcription unils and genes more 
highly expressed in ES cells. In recent studies, 
gene trapping was estimated to potentially 
produce null alleles fur 50-60% of all genes, 
perhaps more if a variety of gene- trap vectors 
with different insertion characteristics is 
used 1 ^ 1 . RNA interference offers enormous 
promise fur analysis of gene function in 
mice 22 but is not yet sufficiently developed for 
large-scale production of gene modifications 
capable of reliably producing true null alleles. 
Roth gene-targeling and gene-trapping meth- 
ods are suitable for produdng large numbers 
of knockout alleles, and, given their comple- 
mentary advantages, a combination of these 
methods should be used to produce the 
genome- wide collection of null-reporter alle- 
les most cftlrienlly. 

What should Ihe deliverables be? 

A genome-wide knockout mouse project 
could deliver to the research community a 
trove of valuable reagents and data, including 
targeting and trapping constructs and vec- 
tors, mutant ES Cell lines* live mice, frozen 
sperm, frozen embryos, phenotypic data at a 
variety of levels arid detail, and a database 
with data visualisation and mining tools. At a 
minimum, we believe that a comprehensive 
genome-wide resource of mutant ES cell lines 
from an inbred strain, each with a different 
gene knocked out, should be produced arid 
made available to the community. Choosing 
an tnbred line (129/SvEvTac or C578L/6J), 
and evaluating the alternative of using F, ES 
cells and tetraploid aggregation to provide 
potential lime savings, merits additional sci- 
entific review and discussion**'* 4 . ES cells 
should be converted into mice at a rate con- 
sistent with project funding and the ability of 
the worldwide scientific community to ana* 
lyzc them. Although the value and cost-cfTec- 
tiveness of systematically characterizing the 
mice is a matter of debate, a limited set of 
broad and coit -effective screens, probably 
including assessment of developmental 
lethality, physical examination, basic blood 
tests, and histochemical analysis of reporter 
gene expression, would be useful. More 
detailed phenotyping* based on findings 
from the initial screen or existing knowledge 
of the gene's function, could be done at spe- 
cial ized centers. All cell clones and mice 
(as frozen embryos or sperm) should be 
available to any researcher at minimal cost, 
and all mouse phenotyping and reporter 
expression data should be deposited into a 
public database. 
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In determining how to implement the pro- 
ject, utility to the research community should 
be the standard for judging value. Bach step 
after ES cell generation {e,#. mouse creation, 
breeding, expression analysis, phenotyping} 
wiU make the resource useful to more 
researchers hut will also increase costs and sci« 
entitle complexity. Wc therefore advocate a 
'pyramid* structure for the project (Fig. 1)> At 
the base of the pyramid is the genome-wide 
collection of mutant ES cell* for every mouse 
gene. Over time, a subset of these mutant ES 
celts should be made into mice and character- 
ised with an initial phenotype screen (Tier 1; 
Fig. I) and analysis of tissue reporter-gene 
expression. A subset of these lines should be 
profiled by microarray analysis, and a subset of 
these profiled by system- specific (Tier 2) phe- 
notyping, based on the results of the 'Her I 
pheno typing, array studies, existing knowl- 
edge of the gene's function and the gene's tissue 
expression pattern. With time, the upper tiers 
of die pyramid will be filled out, eventually 
transforming the pyramid into a cube, with 
information of all types available for all genes. 

Tliis project will require the resolution of 
numerous intellectual property claims involv- 
ing the production and use of knockout mice. 
To deal with the existing patents that cover 
the tech notogjes and processes involved in the 
production of mutant mice* wc suggest that a 
'patent pool', such as that used in the semi- 
conductor industry 25 , should be generated. 
Several individuals who represent entities that 
control patents on mouse knockout technolo- 
gies are authors on this paper, and they agree 
with this approach. We also agree that any 
mutant ES cells oi mice produced should be 
placed immediately in the public domain. 

Mechanisms and costs 

ES cell production. Automated knockout 
construct and ES cell production should be 
carried out in coordinated centers to ensure 
efficiency and uniformity. We estimate that 
most known mouse genes could be knocked 
out in ES cells within 5 years, using a combine 
tion of gene «i rapping and gene* targeting tech* 
manes. Gene trapping can produce a large 
number of mutated alleles quickly, but its 
progress should be monitored closely to deter- 
mine when its yield of new genes diminishes 17 
and, therefore, when targeting should be 
increasingly relied on. AS targe -scale trapping 
projects have already defined gene classes that 
probably cannot he knocked out by trapping 
(e.£, stnglc-expn C.PCrU genes that are not 
expressed in ES cells), we propose that target- 
ing begin on those classes immediately, All £5 
cells should be made available to the research 
community, because this collection itself 



would be a valuable resource. BrToru in the 
public and private sectors have already 
knocked out many genes in ES cells and, to the 
decree that the alleles produced lit the pre- 
scribed characteristics (i.e., null alleles with a 
reporter) and are available, every effort should 
be made to incorporate thtr*e into the planned 
public resource. Costs for generating this part 
of the resource were estimated at between 
$9-1 1 mtllion/ycar for five years (these and ail 
subsequent figures are direct costs). 

Mouse production, The subset of ES cells 
made into mice each year should be chosen by 
a peer-review process. Central facilities for 
high- efficiency mouse production, genotyp- 
ing, breeding, maintenance and archiving 
should be funded, to take advantage of effi- 
ciencies of scale in mouse creation and distri- 
bution. Researchers could apply to produce 
groups of mice outside the centers, as long as 
ihey meet the cost specifications of the pro- 
gram. All mice should be made available 
immediately to researchers as fatten embryos 
or sperm, for nominal distribution cost. An 
initial target of 500 new mouse lines per year 
would double the current rate at which new 
genes are knocked out in the public sector, we 
feel that this rate is within the capacity of the 
biomedical research community worldwide 
to absorb and analyze. We estimated the ini- 
tial cost of this leve* of mouse production to 
be $ 1 2, 5~ 1 5 million per year. 

Reporter tissue expression analysis. 
Approximately 30 tissues from adult and 
developmental stages should be sampled to 
cover the main organ systems. Analysis meth- 
ods should be customised to the organ system 
and marker, and a searchable database of the 
sites of gene expression, and the images show- 
ing them, should be produced. Centers to 
carry out these analyses and data curation 
should be selected by peer review. We esti- 
mated the cost of this component for 500 
mouse lines to be $2.5-5 million per year, 
depending on how much tissue sectioning and 
cell-level analysts is done. 

Pheno typing. Tier 1 phenotyping should 
be a tow- cost screen for clear phenotypes and 
should be done on all mouse lines produced. 
Tiet 1 should include home- cage observation, 
physical examination, blood hematological 
and chemistry profiles, and skeletal radi- 
ographs. The centers producing the mice 
should carry out the Tier I analyses, at an esti- 
mated cost of $2.5 million per year for 500 
lines. Selected lines, chosen on the basis of 
findings from Tier 1 phenotyping, tissue 
expression patterns, mtcroarray data and the 
scientific literature, should undergo more 
detailed and syttem-foaiscd Tier 2 phenotyp- 
ing. Tier 2 phenotyping should be done in 



specialized phenotyping centers, akin to those 
already in operation for phenotyping of mice 
produced by ENU mutagenesis. AO 'Her 1 and 
Tier 2 phenotyping should be done on a uni- 
form genetic background by dedicated groups 
of individuals in single locations, to facilitate 
consistency and cross-comparison of results 
among different mouse lines. All Tier J and 
Tier 2 phenotyping results should be 
deposi ted into a central project database freely 
accessible to the research community. More 
detailed and specialized phenotyping could be 
done by individual researchers in their own 
laboratories; deposition of this more detailed 
phenotype data would be encouraged 

Transcriptorue analysis. Transcriptomc 
profiling of tissues from each knockout line, 
collected in a uniform way across all mice and 
tissues and placed into a searchable relational 
database, would add substantially to the sci- 
entific value of the project, though it would 
also add considerably to its cost 
Transcrtptotrse analysis should therefore be 
done on a subset of mice, chosen by peer 
review. We estimate that, with the hest cur- 
rently available array technology, an analysis 
often tissues would cost -$18,000 per line. 

Conclusions 

This project, tentatively named the Knockout 
Mouse Project (KOMP), will be a crucial step 
in harnessing the power of the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phenotypic data, KOMP will knock 
down barriers for biologists to use mouse 
genetics in their research. The scientific con- 
sensus that wc achieved — that a dedicated 
project should be undertaken to produce 
mutant mice for all genes and place them 
Into tlbc public domain — is important but U 
only the beginning, Implementation of these 
recommendations will require additional 
input from the greater scientific community, 
including those responsible for program- 
matic direction and financial support of bio^ 
medical research in the public and private 
sectors. This ambitious and historic initiative 
must l>e Carried out as a collaborative effort 
of the worldwide scientific community, so 
that ail can contribute their skills, and all can 
benefit. International discussions among sci- 
entific and programmatic staffs since the 
Banbury meeting at Cold Spring Harbor, in 
both the public and private sectors, have 
shown that there is great enthusiasm and 
commitment to this vision. The next step for 
KOMP will be to move this visionary plan 
from conceptualization to implementation, 
with an urgency befitting the benefits it will 
bring to science and medicine. 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thorn*** l>ootschman 

Background and Purpose; In tnfoe, genetic engineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgenic mice, and use of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of these approaches is that questions can be asked about the function of a 
particular gene in a living mammalian organism, taking into account interactions among cells, tissues, and 
organs under normal, disease, injury, and Stress si tuations. 

Method*: Review of the literature concentrating principally on knockout mice and questions of unexpected 
phenotypes, lack of phenotype, redundancy, and effect of genetic background on phenotype will be discussed, 

Conclusion: There is little gene redundancy in mammals; knockout phenotypes exist even if none are imme- 
diately apparent; and investigating phenotypes in colonies of mixed genetic background may reveal not only 
more phenotypes, but also may lead to better understanding of the molecular or cellular mechanism underly- 
ing the phenotype and to discovery of modifier geno(s). 



One. often hears the comment that genetically engineered 
mice, especially knockout; mice, are not useful because they 
frequently do not yield the expected phenotype, or they dont 
seem to have any phenotype. These expectations are often 
based on years of work, an d in sonic instances, thousands of 
publications of mostly m vitro studies. Examples of unex- 
pected phenotypes, based largely on experience with trans- 
forming growth factor beta (Tgfb) and basic fibroblast 
growth factor {I?g[2) knockout and transgenic mice, will be 
presented to discuss passible reasons for unexpected knock- 
out phenotypes. The conclusions will he that the knockout 
phenotypes do, in fact, provide accurate information con- 
cerning gene function, that we should let the unexpected 
phenoty pes lead us to the specific cell, tissue, organ culture, 
and whole animal experiments that are relevant to the func- 
tion of the genes in question, and that the absence of phen.0* 
tiypa indicates that we have not discovered where or how to 
look for a phenotype. 

Before entering into how one should interpret unexpected 
knockout phenotypes and how one should deal with lack of 
knockout phenotypes, it is necessary to give a brief introduc- 
tion into how knockout ;nice arc made. For detailed informa- 
tion, the following reviews are suggested (1-4). 'Transgenic 
technology has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, 6). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology hiaa 
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to date been successful only in mice, even though embryonn 
stem (ES) cells have been produced from several other spe- 
cies, including hamster (7>, rat <£), rabbit (9, 10), pig (U-l#). 
bovine (14, 15), and zebrafish (16), Consequently, the entire 
discussion will be focused on mice. 

Knockout mice are generated by the injection of geneti- 
cally engineered or gene-targeted ES cells into a mouse bias 
tocyst to generate a chimeric embryo, which in turn can pasi 
on the engineered gene to its offspring. ES cell lines are es 
tablsshed from the inner cell mass of a mouse blastocyst, s( 
that when injected, into blastocysts, the ES cells can. incor 
porate into the inner cell mass of the recipient blastocysts 
thereby chimeming them. Subsequent to transfer of the chi 
merit: blastocysts into uteri of pseudopregmint mice, chi 
meric mice are bom. If the germhne of a chimeric mouse is 
colonized by cells derived from the injected ES cells, the chi 
mera is termed a "gerraline 1 ' chimera. Some of the offspring 
of the gnnofine chimeras will then carry the engineers 
gene in their genomes. Gene targeting in ES cells uses thi 
ES cells* 1 DNA repair apparatus to bring about homologous 
recombination between an exogenous DNA fragment trans 
fected into the ES cell and its homologous region in the ge 
nome. Homo logo us recombination usually results ii 
replacement of the endogenous region with the exogenou; 
fragment, thereby altering the endogenous gene in j 
prespecitied manner. There are many variations on this pro 
cedure by which genes can be altered not only to ablate fane 
tion s but also to make more subtle mutations (1.7-19). Sue! 
procedures can be used to introduce point mutations, re 
move specific splicing products, switch isoforms, and human 
ize genes. In addition, technology has recently beei 
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developed to make conditional and inducible knockouts in 
which gene function is ablated either in a developmentaUy 
specified tissue (20-22) or in mi inducible manner (23-26). 
These techniques, tliougb exciting, will not be further dis- 

C138$&d - 

Extensive nonrcdundancy in the TGFjJ family: Sev- 
eral thousand cell culture studies on the three mammalian 
transforming gitwfih factor beta proteins OGFfis 1 . 2, and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
three TGF£s (27, 28*. For example, overlapping protein local- 
reation was found in all gut epithetia, all layers of the skin, all 
three muscle types, kidney tubules, lung bronchi, cartilage, and 
bone (Table 11 Together with the fact that a3J three TGF£s sig- 
nal through a common TGftype-II receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consequently, it is surprising tihai, of the >30 pbenotypes of the 
three Tgfb knockout mice that we have described (29-31), none 
appear to be overlapping Ouble 21 These results indicate ex- 
tensive nonredundancy between TGFp ligands even though 
there is considerable overlap in .expression. Of course, these re- 
sults do not rule out the possibility of some redundancy in some 
tissues. Combination of the iigaml knockouts would uncover 
such situations, and it is likely that a few will exist, but 30 non- 
overlapping phenotppc* for three ligands strongly suggests 
that a vast number of their fumlkais are not redundant 

There are several possible explanations for how there can 
be so much overlap in ligand expression and yet so much 
specific ligand function. First, TGFBs are secreted as latent 
peptides and must be activated before they can bind recep- 
tors (32-35). The mechanism by which this extracellular 
processing occur* is not well understood and may be differ- 
ent for each 'TGFp. Hence, ligand processing presumably de- 
termines some functional specificity for the three TGFps. 
Second, there is a third type ofTGFfJ receptor, TGFJSR3, that 
can interact with ligand and receptor types I and IT before 
cytoplasmic signaling can occur, though involvement of 
TGFP-R3 is not essential for Signaling (36-3S). Association 
with type III receptors is thought to enhance some TGFffl.il. 
and 2/ligand interactions. Upon ligand binding, the serine/ 
threonine receptor TGFgR2 then associates with and phos- 
phorylates the transmembrane serine/threonine receptor 
TGF&R1, which in turn initiates a phosphorylation-medi- 
ated signaling cascade. Hence, combinatorial reccptor/ligand 
interactions will also determine functional specificity. Third, 
signaling from TGPpRt can occur through two c>-toplasioic 
signaling proteins called SMAB2 and 3 (39, 40) and, per- 
haps, through a third called SMADS (41). In addition, 
SMAD6 and 7 can also interact with Ore other SMADs to in- 
hibit signaling (42-44). Hence, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGFp 
ligands. Finally, there may be several non -transcriptional 
signaling pathways for TGFfJs. For example, we have found 
that TGFpi-defieient platelets from Tgfbl knockout mice 
have impaired platelet aggregation that can be restored by 
incubating isolated platelets with recombinant TGFjtt (un- 
published observations)- Because platelets do not have a 



Tabic 1. Protein .(Hcnanhm *f iratisfonmns growth faut?r bato<TCW 




1 , <s„ and o 






Tissue/coH type 




TGFP3 


TGPP3 


Cartilage 








Pmchon^nusn 


4-4+ 


+ ^ 




Cbaad rocytoM 


■*■ 


t 


1- + 












4* 




4 


Ostcocytes 






44 44 


Toalh 








AmelafelutL* 


+ 




4: 


Odontoblasts 








Pulp 


4 


44>+ 


4 


Muscle 






44 


Smooth 


4 


+ 


Cardiac 


4 


4- 


4++ 


Skeletal 


+ 


4-4- 




Lane 






44 


Bronchi 


4+ 


+■+■ 


Alv«siis 








Blood vesae!:? 














44 


Smooch muscles 


•* 


■J- 


Kidney 






4-4 




+4 


+4 


Basemen* membrane 




*+4 




Adrenal 








Carlos 

















Gat 

Kanphagaai epithelium 

G.ia^ric epUhcSfcutt 
Isitesein&I ttpifcheliuja 

Muscularis 
liver 

Cap*yli! 

Parenchyma 

M^ak»ry«cytes 
Eye 

I^ens epithelium 
Urns filjorft 
Bar 

Cochlear epitittllum 
Basement mernfarosws 

gn& 

Meninges 
CUa 

Choroid plexus 
Skin 

Periderm 

Epidermis 

Dermis 



+ 



4-44 
^4-4 



Tliu ntilvclonal aniibwJies used vriiui specific fbr residues 4-19 ui. I GFpi 
aud 2 and realduoBMO af TG?fl3. The svidin.bir.iin system was used 
for swinlnc Data oUtaitied fram iinmuno-htatochcnucal study of ^olt«ii 

1105, by cos>yright porrowelua of The Ibc^ifaUer Onjv^sity Pruss. 

nucleus, there must exist a signaling pathway that is 
nontranscriptional. lit stunmary, given the complexities of 
ligand processing, receptor interaction.* and signaling path- 
wavs. it becomes clear why redundancy in TGFl, 2, and 3 
function has not been detected at the whole animal level, 
even though there is considerable overlap in expression of 
Tgfb gene femily members. Consequently if other gene fami- 
lies function with similar complexity, it is likely thai, En the 
iinal analysis., little functional redundancy will be found 
within gene families. 

Two striking examples of apparent functional redundancy 
are worth considering. The first involves myogenic genes, 
and the second involves retinoic actd receptors. Contrary to 
early interpretations, redundancy does not now appear to be 
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Figure 1 . TGF|* signaling pathway. The TCFfi figanda, TGFpI (jii), TGFg2 {(52), and TGFp3 (p3? t exist primarily in a kfceafc form m vi vo 
and are activated by mechanisms not yet dear. In general, TGFJ32 interacts with u TGFp type: HI receptor (RIII) before interaction with 
TG-P0 type II (BID and TQFp type I (RT> receptors; whereas, the TGFp i and TGFpd Uganda can interact directly with the. type II receptor. 
The ligartri receptor cam pi exes can then associate with several cytoplasmic molecules, fonicayl protein transferase (FPT) and FK506 
bindiag protein-] 2 (FKBP-12), being two potential examples. The receptor- Kg and complex signals to the nucleus through threonine/ 
serine phogphnrytattun nf a series nfSMAD proteins (related to the Dresophila ^aethers against deoapentaptegic" protein) which then 
elicit transciptional regulation of extacelltilar matrix, ceil cycle, differentiation and growth factor receptor genes, The rolea of the associ- 
ated cytoplasmic molecules FPT and FKBP-12 are not clear but are thought ta involve RAS pathway signaling and modulation of signal- 
ing through the SMAD proteins. 



she case for two of the myogenic genes known to be &ss$n&sal 
for specification of vertebrate skeletal muscle, Myod and 
Myf5. Even though the individual knockouts have muscle, 
and only ths combined k&ockoutoi do not tmvo muscles (45), :it 
is now clear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently, in the absence of 
one source of muscle cells, ili^ other source may compe nsate 
for chat (46, 47). This should be termed developmental com- 
pensation, rather than gene redundancy. On the other hand, 
with respect to relutoic acid receptors, there is also good evi- 
dence, for functional redundancy. Similar to the myogenic 
genes, rednoic acid receptor gene knockout mice have few 
phenotypeB, whereas the combined knockouts have roamy 
phonofcypes (48, 49). Whether this turns out to he gene ro* 
dundancy or another case of developmental compensation 
remains to be determined. 



Lack of phenotype: As is the case for TGFfJ, there also is 
a multitude of reports indicating that the MPs X and 2 have 
important roles in numerous cell types and tissues- Cense- 
q neatly, when the Fgf2 gene was knocked out by gene tar- 
geting, it was quite surprising thai there was no obvious 
phenotype (50). The Fgfi?' f ~ animals live a long, healthy life, 
and fertility and fecundity arc normal. Even the pituitary 
gland, which is the best source of FGIr2, appears not to have 
morphologic defects. The only evidence for any developmen- 
tal abnormalities is found in hematopoietic (50), where 
blood platelet counts are high, and in the cerebral cortex C51, 
52), where morphe metric analysis reveals decreased cell 
density Clearly, these abnormalities are minor, compared 
with expectations. This was alt the more evident because our 
transgenic mice, in which the human FGF2 gene was ubiq- 
uitously overexpressed by the phosphogly cerate ldnase pro- 
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meter (53 i, had very abort legs, suggesting an important ; rota 
of FGF2 in bono development;, yet the bones of the knockout 
animals were normal. This apparent discrepancy between 
the transgenic and knockout mice indicate that some other 
FGF signals through the same PGF receptor as does FGF2, 
and that this other FGF is the true ligand that is important; 
in bone development. Another possibility is that there as "de- 
velopmental compensation'' by alternative mechanisms. I* 
other words, the absence of f OF2 may cause developmental 
abnormalities during bene development that are then com- 
pensated for bv another developmental pathway. This alter- 
native would not necessarily require a different FGF to be 

involved- t _ ,„ . t a 

After we hud made our first analysis of the Fgf2 knockout 
mouse and did not find an obvious plienotype, it was easy to 
explain the "Sack of phenotypc" by invoking redundancy be - 
cause there are at least 18 known Fgf genes. But m hind- 
sight, it now appears more likely that all members of this 
large'gene family have specific functions, even though they 



signal through receptors encoded by only four receptee*"** 
(54) In Fgfl knockout mice, evidence was not- found ior up- 
regulation of the two Uganda most structurally related to 
FGF2 namely FGFs 1 and 5 (50). Also, genetic combination 
of Fjik oiul Fgf$ (60) did nut reveal redundancy between 
these similar genes. In addition, further analysis of the 
mice revealed roles being played in hetaatopotesis and 
vascular tone control (50) as well as in brain development 
and wound healing (51, 52). Finally, in addition to Fgfr 
Fzfy 3-5, 7, a also have been ablated by gene targeting, re- 
vealing functions in proliferation of the inner cell mass 
(Fete) (55k gastrulation and cardiac, craniofacial, tore- 
brain midbrain, and cerebellar development {Fgf8} 56); 
brain and inner ear development (F B 0) (57, 5ft); and two 
aspects of hair development (FgfZ and?) (59, 60). lb date 
comparison of ^knockout phenotypes from 6 iof the 18 
Fgf genes has not turned up overlap except possibly in tne 
cerebellum. Together, these results indicate that each 
gene has important unique functions. Although a few re- 
dundant functions may eventually be found on combina- 
tion of Fgf2 with all Other Fgfs except Fgf5 y it is clear that 
& of the U Fgfgmzs studied by gene targeting have been 
associated with essentially unique knockout phenotypes. 

To annularis*, what, originally appeared as "lack of pheno- 
type ■ led many of us to the premature conclusion that other 
FGFs must have functions redundant, to tho.se of FGF2. 
However, further analysis of^/2 knockout mice has since 
revealed a wealth of unique functions ranging from thromb- 
ocytosis and vascular mm control (50) to brain development 
and wound healing <5it, 52). It k my expectation that further 
nhysialo^ic analysis of the Fg/2 knockout mouse will reveal 
functions in the hypertrophic response to hypertension and 
responses to isdiemi^reperfnsion injury and bone injury In 
Use final analysis, it is likely that Uie major roles of FGFS 
may have less to do with getting us to birth than with keep- 
ing us alive after birth, whereas several other FGFs clearly 
have developmental roles. 

Effects of genetic background on phenoty pic varia- 
tion: From 100 years of mouse genetic^ it has become clear 
that genetic background plays an important role in fee sus- 
ceptibility of mice to many disorders. Therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies as was* first documented by the 
Magmison and Wagner groups («. S2X ?h*T%fht knockout 
mire are an exceptional case in point (Table 3). On a *mtf&d 
teO-50) 129 x CF1 background (CF! is a partially outbred 
strain), about \w\StfTgfbl knockout mice die from a prmm- 
plantation developmental defect (63), and the other half die 
of an autoimmune-like multifocal inflammatory disease at 
about weaning age (29). If the targeted Tgfbl allele is baclc- 
crossed onto a CM BUB background, 99% of all knockout 
animals die of the prcimplantation <JcfecU68). Howevei; Lf a 
Tgfbl knockout allele is put onto a mixed 129 x MH/Ola x 
C67BUB background, embryo lethality is observed during 
yolk sac development, not during preimp Imitation develop- 
ment (64). With respect to the multifocal intlammatory dis- 
order of Tgfbl knockout mice, if the targeted allele is put 
onto a 129 * CF1 mixed background (50:50), severe inflam- 
mation exists only in the stomach (29); on the mixed 129 x 
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NIH/Ok x Q57MM background, the intestines axe more se- 
verely inflamed tlia« is the stomach (65). Finally, on a pre- 
dominantly 120 background 0.29 x CFl; "97:3), Tgfbl 
knockout mice develop colon cancer if the uiiaminatory dis- 
order can be eliminated by other genetic njCUtipulations that 
render' the mice iiumunodeScient (unpublished observa- 
tions), However, on a predominantly C-3H background, sm- 
immcd efferent Tgfbl knockout mice do not develop colon 
cancer (66). These results suggest that modifier genes exist 
that can significantly affect the function of TGFftt in pmm- 
plantation development, yolk sac development, bowel and 
gastric inflammation, and colon tumor suppression. 
Progress toward localuing a modifier gene for the yolk sac 
developmental problem has been made (67), 

What is the best genetic background for knockout 
inico? Because background-dependent phenotypic variabil- 
ity will likely be found for most knockout mice, it will he use* 
ful to backcross a targeted allele onto several mouse 
backgrounds to make congenic strains. In tins section, it will 
be argued thai putting a targeted allele on a mixed strain 
background will also provide useful information. This is not 
to say that ccngenic h trains are not useful.. Rather, the point 
to be made bore is that there also are heneJtts to looking at 
mixed strain backgrounds. Again, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant knockout animate on a 
mixed genetic badigrowtd is faster. The B3 cells are nearly 
always from a 129 strain, and the blastocysts into which the 
targeted ES cells are injected are nearly always GB7EU&* 
For reasons unknown, this is a good combination for estab- 
lishing genniine Iransmtssion of the injected ES cells. The 
resulting chimeras can then be crossed with any strain de- 
sired, but 12$, C57BL/6>or Black Swiss mice are most often 
used, and CFl mice were used in the case of our Tgfbl 
knockout mice, Heterozygous offspring from this crossing 
will then he inbred 129 or Fl hybrid* of 129 and one of the 
other strains, Clearly then, the quickest route to having the 
knockout allele on en inbred strain is through 129. For the 
other strains several generations of backcrossing is re- 
quired, which can take well over a year. Unfortunately, 
strain -.12 9 mice have low fertility and fecundity Conse- 
quently, the number of offspring- per litter is usually fewer 
than six. Although 129 x C57BI/G hybrids are more robust, 
upon backcro&sing onto C57BL/6, litter size decreases. 'Ob 
the contrary, the Black Swiss and CFl Strain* are robust, 
and litter ske often is in excess of 12. The reason for this is 
probably because they are not truly inbred strains, bu.t 



through random breeding 
Therefore, one of the choices 



rather are partially outbred 
within their respective s trains., 
one has is to stay with "pure* genetics at the expense of a 
lower production rate and considerable delay before genera- 
tion of experimental animals, or sacrifice some genetic pu- 
rity to obtain a more eJftekot production colony Ideally One 
would want to do both, but this often is too expensive. 

Mixed genetic background knockout miw often have a 
wider range ofphenotypes. The Tgfbl knockout mice back- 
crossed onto either the 129 or C57BL/6 background 
tengenks) yield only embryo lethality (63, unpublished ob- 
servations)* On the other hand, when the knockout allele in 
maintained on mixod genetic backgrounds, embryo and 
adult phenotypes are maintained. 

The Tgfb2 & TgfbS knockout mice provide further ex- 
amples. The Tgfb2 knockout mice have more than two dozen 
congenital defects and die either immediately preceding or 
during birth, or within 2 It thereafter (301 Table 2 indicates 
that most of the phenoty pes are only partially penetrant. 
Though it iB not documented, it is likely that the penetrance 
of some of these phenotypes would increase to nearly 100%, 
and some of the other ph&notypes would disappear wore we 
to put the Tgfh2 knockout allele on inbred backgrounds. 
Hence, the mixed strain background probably provided more 
Information than would congenic strains. 

The TgfbS knockout mice have a deft palate (31). One 
colony of TgfbS knockout mice was loft as a mixed back- 
ground (129 x CFl; 50:50) strain, whereas another colony 
was bftdccrwsed several generations to the C57BI/6 strain. 
Those two colonies had considerable expressivity differ- 
ences; the inbred colony had more severe defting than did 
the- mixed background colony In the latter, expressivity of 
clef img varied widely from animal to animal. This variable 
expressivity within the mixed background colony provided 
us with the opportunity to obtain far more data an develop- 
moot of the cleft palate and was, therefore, more useful for 
making assumptions about the cellular and molecular 
mechanisms by which TGF[J3 supports palate fusion. Hence, 
using the l^fbB knockout mice, the mixed strain background 
provided more information than did the con genie strain. 
Consequently a wider range of penetrance and expressivity 
ofphenotype is a major advantage of investigating knockout 
pheaotypes in mixed background colonies. Further, variable 
penetrance ofphenotype in a mixed background colony sug- 
gests that there arc modifier genes for each phenotype that 
could be obtained by linkage studies. 
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Conclusions 

Questions have been addressed Chat arose from fche last a 
years in which knockout mioe have been investigated to ana- 
lyze gene function at the whole animal level These questions 
concern gene redundancy, apparent; lack of phenol ui a sur- 
prising number t>f knockout strains, and etoU of genetic back- 
ground on knockout phenotype. Using data obtained 
principally from 'fyfb and F^kflockoui mice, it is argued that 
there is probably little redundancy In the genome (i.e. , that few 
genes are dispensable for survival of the species). Apparent 
lack of phenofcype more likely reflects our inability to ask the 
right questions, or our lack of tools to aaswor them, than it does 
a true luck of function. Finally, discussion of genetic 'back- 
ground phenotype variability, including variable penetrance 
and expressivity, was used to present some of the advantages of 
working with mixed genetic background colonies of knockout 
mice. For all the examples given here, there m a counter ex- 
amples that must be taken seriously; consequently; these argu- 
ments most not be taken as absolutes. For example, if a gene in 
a particular mouse strain has recently been duplicated, it will 
most likely U redundant. If one is studying tissue rejection in 
a knockout mouse, the genetic background obviously must be 
well defined and preferably inbred. Or, if one wants to use the 
susceptibility of a particular mouse strain io cancer to investi- 
gate the function of ihe knockout gent© in progression of that 
cancer, the knockout allele must be put on that mouse stain. 
In general, however when setting up approaches for investigate 
ing a new gene knockout mouse, 1 brieve one would be well 
advised to assume that: there is little gene redundancy in 
mammals; there are knockout phenotypes even if none are im- 
mediately apparent; and investigating phenotypes in mixed 
genetic background colonies may not only reveal more pheno- 
types, hut may lead to better understanding of the molecular or 
cellular mechanism underlying the phenotype, and may lead to 
modifier gene discovery. 
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^nic P^nts Are Important for Both Cell 
g^and Agriculture 

p^ n i is dantagptf. ii can often repair Itself fey a process in wl 
*?Hntia!ed cells 'differentiate;* proliferate, and then differ 



c*Q type*- m s< * me dreuffUJiances ilie dedtlforenlkHcd cells can even form 
^'jcftl incrisjenii which .cam then give rise to an entire new plant, Including 
3,1 fjiig remarkable plasticity of plant cells cm N$ <3£HUfe<J lo generate 
^^eiic plan^ from ceil* growing in culture* 

^When a piece of plant tissue is cultured in a sterile medium containing 
ttfjiffl^ appropriate growth regulators, many of the cells are stimulated to 
lifetatf ^definitely in a disorganized manner, producing a mm$ of relatively 
^fctenriated celJs called a callus, if ths lUitrifitifcS and growth regulators are 
LffiillV manipulated, one ciin induce the formation on a shoot and then toot 
merist ems within the callus,,, and, in many spedes. % whole new plant can 

j^llys cultures can also be mechanically d issociated Into single cells, which 
wD gro^ and dJvtd* as a suspension culture, lit several plants— including 
j^jgjso, petunia, eanut. potato, unci Ambulopsiz— a single cell front such asus- 
p^it culture, can he grown Into a small chimp (a dome) fnnn whidi a whale 
phi:* can ftf regetR'tuted. Such a cell Which has die ability to give rise to all pans 
c r^e organism, is considered totipotent. Just as mutant mice can be derived by 
gjntflc tniuiipuUtlott of embryonic stein c«3Ls in culture, so transgenic planss 
can b$ created from single totipotent plant cells transfeceed with 1>NV\ In ailtuj'e 

The ability to produce transgenic plants has greatly accelerated progress in 
ifeany areas of plant efell biology, li "hits had an important, role, for example. In Iso- 
t^ing reisers for growth regulators and in amJ>7Jng the .mechanisms ofruor* 
^togene^is and of gene expression in plants, lit ha$ also opened up many new 
possibiiHtjes in afirieutturc that could benefit hoih the farmer and the consumer. 
Iihssnmdeit possible, for example* to modify the lipid, starch, and protein sro*. 
tp reserved in seeds, lu impart pest and vims resistance to plants ;uul to create 
rcedtfad plants that tolerate extreme Itahiims mch m salt marshes or water- 
scsssedsoU. 

Many of tlit; major advances in understanding animal development have 
0)mc rrc-m studies on the fruit fly OrvMphfla and the nematode worm 
CatflQitiaMkls whtdh are amenable to extensive genetic analysis as vrt.1l 

^iDetpetlnvintal manipulation. Progress in plan t developmental biology has, 
in the past, been relatively slow by comparison. Many of the plains that have 
pnwwi most ameni&k to genetic analysts— such m m&i2e and tomato— have 
fesgitie cycles and very large genomes, making both classical and molecular 
&t»rk arcalyvis time-consuming. Increasing attention is consequently being 
PaaM* a fust-growing .small weed, the common wall cress (Arabidopsis 
Mfonal which has several major advantages as a "model plant" [see Figures 
Ma -and 21-107). The relatively small Ambidopsis ggnome was the first plant 
&tftm& to K* completely sequenced. 



•hich mature 
redineremiate Ituo 




Figure $~7i Mouse wlch an 
engineered defect in fH> rob l*±t 
growth factor 5 (F<3F5>- f£FS St » 

mo US* l»d&*>s PGF5 I'iigh^ ch< hair « fang 
iompircdi Sis Mst^fCXj^Ou* IRtSfirate 
{t<ftiuTrimge?tic mke with phena^cs 
thit nvmic ssp-cco of a vailcty of tiuiiun 
disarms. inel<nfii»s| Akheimer* dsmte, 
4tlt»cf taderosa, dkbetet, cystic fibre***, 

|L*t »«' at«rf,Tti«ir study rmy lead to the 
development of more effuc^vi) trvjtmntin, 
(Cowcesy <rf G^i! Martin, frctm J.M Hdbcrt 
at. CtiV 7B: 1 01 7-1025, 1 W4. (P SUcv^.) 



Collections of Tagged Knockouts Provide a Tool for 
camming the Function of Every Gene in an Organism 

^"KivficoJIabOfiitivo efforts ate, underway to generate compielienslve libraries 
^^ai^onj in. several mudel organisms, including X CV/vvisiae, C clifgans, 
^mki, Ambid(ipsis, and the mouse. 11 Je ullirniite ainn its each case fe to pro- 
^ a ^ cc, icn of mutant stmt us in wiiich every gene in the oiganisnt lias 
been systematically deleted, or altered sueh thflt it can be condtttonally 
to ^^dons of this type wall provide an invaluable tool far hivesilgat- 

«aatoi^ nCf5oEl Qn a ^* no " m: 5C ^ a ln soniJC cases - ^ ^ f me individual 
withtn. the coElcction will spoil a distlrust molecular tag— a unique DNA 
l ft ? l ' e «iSlted to make Identifieatson of the altered gene rapid and routine, 
■•• weitiriia* the task of generating a set of G00O mutants, each missing 



543 



Wl I v9 VII 

Benjamin Lewin 



OXFORD 

UNIVERSITY i'RHSS 



OXFORD 

Great Clarendon Street, Oxford ml 6r>& 
Oxford University P*«ss is a c&pamsrentof the University of Oxford 
!i furthers the IJfoh^rxijy's objective of excellence in rt*«earcH, schola rship 
and education 'by publishing woiiawjdf in 
Oxford New York 
Athens Auckland Bangkok fooguta LVu*ncw Aires Calcutta 
Cape Town Qustmai .'Out es Salaam Delhi Florence Hong Kong Istanbul 
Karachi Kuala Lumpur Madrid M&hniinte Mexico City Mutnbai 
Nairobi Paris Sao Paulo Singapore Taipei Tokyo Toronto Warsaw 
with associated companies in B«rlifi Iba&m 

Oxford as a registered trade mark of -Oxford! Umv*r?% Press 
in the UK and bs certain other countries 

Published in the United States 
by Oxford University Press Inc., N*w York 

© Oxford VfUvew&y Bfess and C*U Press, 2000 

The moral rights of the author have been asserted 
Database Hght Oxford University Press (maker) 

First published 2CI0D 

All rights reserved. No part of this publication may bo reproduced, 
stored in a retrieval system, «t transmitted, in. any form «r by any means, 
Without the |yrioj permission in writing of Oxford University Pre*s» 
of as expressly permitted by law, or under terror agreed wkti the appropriate, 
reprographics rt^lits organza i:icus t linqiuricis concerning, reproduction 
outside the sco$n; of ih? above should be sciu tu the l%hte Department 
Oxford University Pres*, ai the -address above 

You must not circulate this book in any other binding or cover 
and you missri impose thiis same condition «n any acquirer 

A catalogue record far this book H available from the British Library 

Library of Congress Cataloging in Publication Data 
(Data applied for) 

Typeset by } &i Composition Ltd t File); North Yorkshire 
Printed in The tMted Stoics ai America 



508 CHAPTER 17 



whkb exogenous DNA is introduced from a bacterium 
into a host cell. The meclianisrn resembles thai of hae* 
renal conjugation. Express ion of the bacterial DNA in 
i ts new h#sr. changes the pbenorype of the ceil In the 
exampfe of the bacterium Agmlwctcrium tumejmmt, 
the resale Is to induce turner formation by an infected 
plant cell 

Alterations in the relative proportions of c^mpo- 
mnl$ of the genome during somatic dweloptmnt 
occur to allow iasect bnw to increase the mtfubcr of 
copies of certain genes. And the occasional amplifica- 
tion of genes in cultured mammalian celts is indicated 
by out ability to Scfect variant cells with an increased 
copy number of some gen<?$. Initiated within the 
genome, the amplification event can create additional 
copies of a gene that survive in either inttadtromoso- 
mal or extrachromosoniaJ form. 

When extraneous DNA is introduced into eudcary. 
otic cells, it ivmy give rise to ext chromosomal forms 
Or may he integrated in to the genome. 11 *c relanomh ip 
between the extmch romosomal and genomic tWms is 
irregular, depending on chance and to some degree tuv 
predictable evente, rather than rescmhllruj the mgtitar 
iuterchange between tree and integrated forms of bac- 
terial p.Iawfcmids. 



Yci, however accomplished, the process nuiv Itad u> 
stable change in the genome; following its injection 
into mhm eggs, DMA may even be Lucorpomrcd hfo 
thcgeisomcand inherited thereafter as a normd cu m . 
poitcnU sonic times continuing to function , Injected. 
OKA may enter t he gcrmltiic m well as the soma* cre*t, 
ing a transgenic animal, The ability lo introduce spe- 
ciftc genes dial: function in m appropriate manner 
could become a trnjot medical technique tor curio* 
genetic diseases* * 

Tlie converse of the introduction of new genes is 
the ability to disrupt specific endogenous genes 
Additional DNA can be introduced within a gene to 
prevent its expression and to generate a null allele 
Breeding from an animal wfthaJHifl allele can generate 
a homozygous "knockout*, which has no active copy of 
the gene. This is u powerful method to investigate di* 
rcaly the importance and fu nction of a . gene. 

Considerable manipulation of DNA sequences 
therefore is achieved both in authentic ritiiatibm luid 
by experimental fiat. We are only just beginning to 
workout the mechanisms tint permit the cell to" re- 
spond to selective pressure by charging its bank of se- 
quences or that allow it to accommodate the intrusion 
o^ddstionaf sequences. 



The mating pathway is triggered by signal 
transduction 



The yeast S. ccrevisme can propagate happily in ei- 
ther the haploid or diploid condition. Conversion 
between these states takes place by mating (fusion of 
haptaid sjpom to give a diploid) and by spoliation 
( meiosis of diploids to give haploid spores). The abih'J y 
to engage in these activities is determined by the mat- 
ing type of the strain. 

The properties of the two mating types arc sum- 
marked in Figure 17X We may view' them as, rest- 
ing on the tdeoJogical proposition that there is no 
point in mating unless the haploids are of different 
genetic types; and sporuktion is productive only 
when the diploid is heterozygous and thus can ceri- 
eraie recombinants. 

The mating type of a {haploid) cell is determined by 
the genetic information present at the MAThcwt. Cells 
thai carry the MATa allele at this locus are type a; like- 



wise, celU that carry the MATa allele are type oL Cell* 
of opposite type can mate; Cells of the same type 
Cannot. 

Recognition of cells of opposite mating type is 
Figure f 7*1 Mating Jypa -control* sewmi .activities. 



MAfe 



MATa 

CeHtype a g 
■ Matiog yes 
Spoliation no no 
Pheronitina a factor a factor 
Recsplor bfixte a factor binds a factor 



MATmMAT* 

no 
yos 
none 
none 
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Preface 



Over the past ten years it has become possible to make essentially «ny muta- 
tkm in the genriiinc of mice by utilizmg recombination and embryonic stem 
(gS) cells. Homologous r^ewnmnadon wfreri applied to altering specific 
endogenous genes, referred to as gene targeting,, provides the highest level of 
control over producing (BUtaiions in cloned genes. When, this is combined with 
site specific rrambfoatfon, a wide rarige of mutations am be produced ES cell 
lines are remarkable since after being established from * blastocyst, they can 
be cultured and manipulated relatively easily in vilifo and still maintain their 
ability Jo step back into a normal developmental program when returned to a 
pre -implantation embryo, With the exponential increase m the number of 
gene* identified by various genome projects a nd genetic greens, it has become 
imperative that et ndent methods be developed for dkftei*niftin& gene fiinction. 
Gene targeting in ES cells oiler?; a powerful approach to study gene Junction in 
a mammalian organism. Gem trap approaches In cells, in particular when 
they are combined with sophisticated piesere* ns, offer not only a route to gene 
discovery, but ais* to gain infbrmaiioo on gene sequence, expression mid 
mutant phenotvpe. 

The basse technology tteoessary for making designer mutations in mice has 
become widespread and researchers who have traditionally used cell biology 
or molecular experiments are adding gene targeting lecbniques to their reper- 
toire: of cxperimtul approaches. A second edition of thus book was written for 
two main reason*. The first mm to update previously described techniques and 
to add new techniques that have: greatly expanded the types of routiitto that 
can be made using recombination in ES cell*, A chapter in this new edition 
describes die design and use of site specific recombination for &ene targeting 
&pp?a&ch£5 and production of cdndittofial mntations. Ifte second retail rot 
the new book was to provide a more in depth discussion of the experimental 
design considerations thai are cr total to a successful gene targeting Study and 
to add approaches for analyzing mutant phetiotypcs; the most interesting 
part of an experiment. Gene targeting experiments should be designed to 
£0 far beyond just nuking a mutant mouse, The success of a gene targeting 
experiment no longer lies in the malang of the imitation, but depends on the 
imaginative and ittsigblftd analysis of the mutant pheno types that Give mutat ion 
provides. A chapter in this edition describes the use of classical genetics in 
combination with gene Greeting to get the most out of a genetic approach to u 
biological question* 

The naHoe of in vivo gene feting studies of gfene function are sods that 
critical design decisions mm be made at every step in the experlmetkt, and 
each decision can have a major impact on the value of die Information 
obtained. From the start, the type of mutation to be made must be considered 
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carefully. Whereas EQ years ago most mutaiifcrtS WW designed to create null 
mutattons and were therefore relatively simple n> design, at present, a nuii 
mutation is only one of u Jong list of mutations; that can be made, each provid- 
ing different insight into the fMRCtfon of a fcenc. Point mutations, large deLe- 
liutts, gene exchanges (knock-ins) and conditicmal mutation* are but a few of 
the chokes one faces at the start of a gene targeting experiment. The next 
choke is the souiec of DNA for the targeting experiment and E$ cell line to he 
used for the manipulations, Once the mutant ES cell clone has been obtained, 
there are then a number of alternative approaches that can be used to make 
ES celt chimeras that depend on the cell lenc which was used. Finally, and 
most importantly, is the analysis of any phenotype that arises, This second 
addition discusses techniques used to analyze mutant mice, ranging from ilitn* 
dard descriptive evaluation, to a chimera analysts or complicated breeding 
experiments that utilise double mutants* If mice are simply considered as a 
'bag of celts* or an in vivo source of selected cell types, then the tremendous 
resource Which mice offer as a model organism* is not being realized. The life of 
a mouse represents a continuum of dynamic processes, including; pattern for- 
mation, or^an development, learning, homeostasis and urease* By making 
genetic alterations in mice using gene targettcrg and BS cells, the effects of a 
given change can be studied La the contest of the whole organism. 

My goal in edit ing t his hook was to provide >a manual that could take a ne w- 
comer to the exciting held of gene targeting and mutant analysts in mice from a 
cloned gene to a basic understanding oh he geiiette approaches available- iisirtg 
BS cells, and how each lecfciciique can be used ro design a pan icular in vivo lest 
of gene function. The book should also provide a valuable bench side resource 
for anyone carrying out gene targeting or geaic trap experiments, a chimera 
analysis or classical genetic approaches. I would once again 3te to extend 
many thanks and my deepest appreciation to all the authors for their great 
efforts in including detailed protocols and Vucld discussions of the various 
approaches presented, I would also like to thank ray family for their strong 
support and laboratory members past and present for helping to make gene 
targeting a reatity, Finally, since many of the techniques use mice, the experi- 
ments should be earned out in ucco#d?mce with local regulations, 

New York, NY A.LJ. 
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Gene targeting, principles, and 
practice in mammalian cells 

PAUL HASTY. ALEJANDRO ABU IN, and ALLAN n RAP LEY 

1. Introduction 

When a fragi3icnt of genomic DNA h introduced into a mammalian cdf is can 
locate and rccombtne with the endogenous homologous sequences. Thij& type 
qf homologous recombination, known a$ genu lad^etirtg, is the subject of thi* 
chapter, Gene targeting has hum widely used, particularly in mouse em- 
bryanfe Stem (BS) eclte, to mako a variety of mutations in mam' different loci 
sii thai the phenotypic consequences of specific genetic modification* can be 
assessed Set the organism. 

The first fcXp^nrtignUtJ evidence for Hie oecurienee of genes target!*^ in 
niammaHan cells was made usjn$ a fibroblast cell Sine with a selectable 
artificial locus by Lin ct at. (1), and was subsequently demonstrated to occur at 
the endogenous p~&lobin gene by Smithies ef ak tn erylhroleukaerak CclJs (2). 
In general, the frequencies of gene targeting in mmmmiiMn eelJs ;ue relatively 
low ecmtparsd to ysasi cells arid this is probably related to, at leas.t in part, a 
competing pathway: efficient integration of the trausfeeted DNA iota a ran- 
tot cfiromosoraaf she. The relative ratio of targeted to random iutef ratism 
events will determine the ease with which targeted clones are identified in a 
jiene tarring experiment. Tfcdselsapier <le«dls aspects OX vector design whfcu 
can determine the efficiency of reorinibliutUMi, the type of mutation that may 
be generated in the target locus, as well as the selection and screening 
strategies which can be used to identify clones of T15 cells with the desired 
targeted: rood ilkat ion, Since the most common experimental strategy k to 
ablate the function of a target gene (nutt uikte} by hmodtotiiig a electable 
marker gene we initial lydescrihe the vectors and the selection schemes which 
are helpful in the identification of recombinant clones (Sections 2-5). In 
Section 6. we describe the vectors and additional considerations for gener- 
ating subtle mutation* in a target locus devoid of any exogenous sequences. 
Finally, Section 7 is dedicated to the use of gene targeting as a method to 
express exogenous genes from specific endogenous regulatory elements *Vr 
vrt«o, also known as "3rnodc»iift* strategies. 



f* Gent targeting, principles, and practice in mammalian ceils 
enrich populations of transfeeted cells far tarred integration event* (Section 

2.1 Iteign ctf jisideratioiis of a replacement vector 

fhc principal consideration hi the Resign of a replacement vector, is the type 
of mutation j-encratcd. Secondary (yet stiU unpOftam) considerations folate 
to ihc selection scheme and screening techrtiaues required to isolate the re- 
combinant clones. The recombinant alletes generated by repbeeine nt vectors 
typically have a selection casseUe tn$e*t£d into a eodmge-Kon or replacing part 
of the locus. It is important to consider that, exon interruptions and Small 
deletions will not necessarily a fcUtc the function of the target gene 10 generate 
a null allele. Consequently, it *s necessary to confirm that the allele which has 
been generated is null by RNA and.or protein analysis and in many cases 
transcripts aiu j truncated proteins from such a mutant aSlete cm he detected, 
Considering *h^t products from the mutated locos may have some function 
(nomiai orlifr normal) it is important to design a replacement vector SO thai 
the targeted allele k null, particularly in ihe absence of a good assay to the 
&enc product. Disruption or deletion of the coding sequence by the positive 
selection marker will m most instances ablate a gene's function. However in 
sorjie situations a truncated protein may lie generated whict* retains some 
biological activity, thus some knowledge of mutations in a related gene in 
another organ ism can be helpful in the determination of the possible function 
ol a -tsir^eted. allele. Null alleles arc more Itkely to occur by deleting or 
reeombining a Section cassette into more 5' exons nil her than exons that 
encode ih* C- terminus of the protein. since under these circumstances 
minimal portion* of the wild-type polypeptide m*M be made. 

There arc several considerations 10 take into account when a positive 
selection marte is to be inserted into an exoa. One critical consideration is 
that dace iltc length of an exon cart influence RNA gpU^i«£i (3), an artificially 
large exon caused by the insertion of a selectable marker may not be 
recognised by the splicing machinery and could be skipped thus, transcripts 
initiated from the endogenous promoter may delete the mutated exon from 
(he mRNA species or even additional exoas. If a skipped exon is a coding 
exon whose nucleotide length i$ not a multiple of three (eodon) the net result 
will be both a deletion and a frame -shift muiaiUm of; the gene, winch will 
often generate a null allele. However, if the disrupted coding exon has a 
nucleotide length winch is a multiple Of three, if spliced out, this would result 
in it protein with a small in-frame deletion which may retain partial or com- 
plete fUttaign, The some concept applies to gene targeting vectors in which 
exons are being deleted aud replaced by the. selectable marker. Deletion of an 
exon or group of exon* with a ami number of eodons may also result in a 
functional protein product with an in-frame deletion. For most purposes it is 
advisable to delete portions or all of the target gene so that ths genetic 
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Production of targeted embryonic 
stem cell clones 

MJCNAEL i\ MATJSJS, WOJTEK AUERBACH and ALEXANDRA L„ 

JOYNER 

1, Introduction 

The discovery that cloned ON A mtroduced into tissue culture cells can 
undergo homologous recombination at specific chromosomal loci has 
revoltf lionise*! Our -ability to study gene function in celt culture and in vivo. In 
theory* thia l&chitiljjt&t termed gene targeting, allows one to generate any type 
of mutation in any ctoned gene, The kinds of mutations tltat can' be created 
include null mutations, point mutations, deletions of specific functional 
domains, exchanges of functional domain* from related genes, and gain-of* 
fund ion mutations in which exogenous. eONA sequences arc inserted 
adjacent to endogenous regulatory sequences. In principle* such specific 
genetic alterations can tie made in any celt line growing; in culture. However, 
not all cell types cart be maintained in culture under the conditions necessary 
tor tmnslection and selection. Over teat years ago,, pluripotcnt embryonic 
stem (fi$) cells derived from the inner cell mass (1CM) of mouse blastocyst 
stage embryos; wear e- isolated and conditions defined for their proposition and 
mai ntenance in culture (L 2) . ES cells resemble I CM cells in many respects, 
including their ahilily to contribute to all embryonic tissues in chimeric mice. 
Using stringent culture conditions, the embryonic development! potential of 
ES cells can \>x maintained following genetic manipiua-tttifts and nfier many 
passages hi vitnx Fuiihermoie, permanent mouse lines carrying genetic alter- 
ations introduced into cells can be obtained by transmitting the ruination 
IhiOLigh the gcrmitne by generating cell chimeras (described m Chapter's 4 
and 5). Thus, applying gene targeting technology to cells in culture affords 
researchers the opportunity to modify ctidogenoiis genes and study their 
ftmction in vivo, i n initial funics* one of the main cliaUeaiges of gene targeting 
was u> distinguish the rare, homologous recombination events from mtue com- 
monly occurring random integrations (di^ciMKcd in Chapter 1). However t 
advances in cell culture and in selection scheme*, in vg&toi construction using 
isogenic DNA, and in the application of rapid Mreeruag procedures have 
made it possible to identify homologous recombination events efficiently. 
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Preface 



Targ«*fcd mutation of genes expressed in t?*e nervous system is an wscitiijg t*ew research 
field tlsai ts forging a TcntorkiiW* am&l&am of molecular genetic* anil bfcftavlott&l ncisro- 
scieitce. My laTwrafcory in Ltefhesda has been the fortunulc recipient of visits from many 
molecular geneticists over the past five years. w*o come So ttfc, "WhatSs wrong with my 
mouse? Can yon icll «s what behaviors: are abnormal in mti dull mutants? And hawifo you 
measure behavior, anyway?*' 

We have bibsl some remarkable oppominiiies to coBatjotatc with outstanding molecular 
gcoe^dsts in the National Institutes or: Health m&amuml Research Program and through- 
cad ilt« warld m mvcmgmate of the behavifiral effects of mulatas in g«ncs «xpr«**ttl in 
the mouse brain. Each of these cdlJhdjtf rations has been a learning experience, increasing 
our midcrs*anoJng of the optimal *xecffunenEal design foraiwlj^ingb^haviqral phenotypes 
of mutant mice* What aw the be.it tests to ad*£iess each specific hypothesis? Which meth- 
ods work best fot mkeC' Which rat tasks can he adapted for mice? What are the correct con- 
trols? What are the hidden pitfalls, lurking artifacts, false- positives, and false negatives? 
Which statistical testa are roost sensitive for detection of the genotype cBect? What Ls the 
minbnmt number of animals necessary for each gefaotype, gender, and age? Our laboratory 
and imw others arc gradually -working out lite bm methods for behavioral pbcnotypih&of 
inmsgemc and knockout mice. 

\n the same conversations, molecular ^eueticists frequently asked me to recommend a 
bonk they could consult to leans mure about behavioral tests for mice. Apparently the m- 
entitle hook publishers arc receiving similar queries. Ann Boyle and Robert .H*rin&lOtt at 
John Wiley & Sons, convinced of a real neeo" for such a booM^eet-uilkwi tmr into f tiling 
the void. What's Wrong 'With MyMau&e? ts wirtcn for these pioneering molecular geneti- 
cists, and for the talented student* who will be the next driving iorCe in rotfvina me field 
forward; 

On 11 personal level, I would lake to express deep appreciation to all of my behavioral 
oeuroscUmtifft colleagues around the world for their outstanding WCWrfc, past, present and fu- 
ture, ¥ou? contributions to the excellence and atmrMmee of mouse behavioral tests provide 



the foundation for the lupidjy expanding scientific discoveries fortltcommg ft<*m bchavfioraJ 
grircncitypfojr studies of im^enic -and 'Jowx&uut rake. Tfiis book is a testamenS to your nc- 
complishmeasts. 
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Designer Mice 



The disease is inherited. Family pedigrees indicate an autosftinal dominant gene, Unfcage 
analyses reveal arte strongly associated cfawiwsvirol locus. Mapping identifies the gen*. 
The cDNA for the gene b sequenced . The anatomical distribution of the fccne is primarily 
ki the brain- The symptom* of the disease {ire primarily rwuropsychiatric. There is no treat- 
ment for the disease. 'Hie disease is letted. 

Your mission, should you choose to accept it, is to develop a treatment for ite discasc- 
ReplMemeat jp*t therapy is the best hope. But you don't know the &ene product, you 
donH know lis function, and you cfcfit know if gene <klive*V would be therapeutic Wtat 
do yon start? 

These day* you may choose to start with a -targeted fcene mutation, to ijcneratc a mutant 
mouse model of the hereditary disease. A. DNA construct containing the mutated form «»fHic 
responsible gene is developed. The construct us insetted into the mouse genome. A line of 
mfos widi me mutated gene is generated. Chsmieteiistics of die mutant lirice arc identified in 
comparison to normal conuols. Salient chnr^te f istics relevant to the tinman disease arc quan* 
tiianxL These dbe^like traits ore then used as> test vnriablcs for cvaltmtmg the efrecttvsness 
of treatments, muirc treatments are adanintsteicd to the mutant mice, A treatment that pre- 
vents or reverses she disease traits in the mulaiut mice b taken forwaffd for further tcMng m a 
potential therapeutic treatment for the human genetic disease, Gene therapy, based on targeted 
gene repj^ement of the massing or incorrect gene in the human hereditary disease, is de- 
scribed in Chapter 12. In the fiitm medicine may shift emphasis ftom treating the qftflfttms 
to adminbaeaing replacement g*nes tliat cffectKely and per mancntry aire the disease- 
Targeted gene mutation in mke represents a new technology that is revolutionising bio- 
medical research Transgenic mice have an extra gtn* added An additional copy of ani- 
mal gene is inserted into the moose genome I0«srudy overrapressjon of tive &ene product. Or 
a new gene is a<kfcd thai is not normally present in the- mouse genome, The new gene may 
ho the aberrant fotrn of a human gene tinted ta a disease. For example, the mutated form of 
the humeri humhtgtin gene is added to the raousc genome to generate: a mouse model of 
Huntington's disease, Knockout mice toe & gene fatctett/fhii null mutant homozygous 
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knockout mouse is deacjem m ix>lh alleles of a &ene ; the hetenm gotc is deficient k one 
of its two alleles for the gas*. The &enotyp« is for the null mutant, +/- tot she net- 
eruzygotc, and +/■*" for the wUdtypc normal control. The pheetrtype is the set of ob- 
served charaeterisiics resulting from the mutation, Phcnotypcs include biochernjeah 
anatomical, phy^ologkali and behavioral characteristics. 

Targeted mutations of genes expressed in the brain lire revealing tjic mechanisms wilder- 
lytng normal behavior and behavioral abnorniaEitics. Mouse models of ha man neuropsy- 
cbiatric diseases, #i*eH Alzteimerfe disease, Puletamfc disease, Huntington's disease, 
aanyoupophk lateral fctaojia, obesity, &ri&rex£a, depression* alcoholism, drug addiction, 
Bchizop1ir«aia, and uiftieiy, are likely to be cauterized by their behavioral pbeiiotype. ' 

This ho<& b designed to introduce the iiyvice to the rich literature of behavioral tests tn 
mice and to snowjwjw'to optimize the applicttioo of these test* for behavioral pbenotypLng 
of mutant mice, Uascd on oiu experiences,, our latawalory is working toward a unified ap- 
proach for die ojiiimal conduct of twhavicwaJ phenotvpinB experiments in mutant mice. 
Recornmcodations arc offered far a three-tiered sequence of behavioral tests, applicable 10 
each behavioral domain relevant to genes e xpressed in the mammalian bruin 



SCOPS 

This book h designed as an overview of tfee mutant mouse technology and an mtroducion 
tu the field of behavioral ncwoscience, as it can be applied to behavioral phenoryping of 
transgenic and knockout mice. Molecular genctsrixts may browse through the chapters rel- 
evant to iheir gene, to get ideas for possible tests to cry, Bdiaviotat ne urosepsis Who have- 
no exigence with *\mtm mice may wish to read about the methods for slevcloping a trans- 
genic oi knockout, the behavioral rests that nave been efTecftvcly aajdia^ and some of ibe 
successful experiments published in the genetics literature. 

Chapters are Organized around behavioral domains, including genera] health, iKtiro'log- 
m) reflexes, deveiofpnicntal mil«stones_. mm? function temry abilities;, banting and 
memory, feeding, sexual and parent bensviors, social bcliaviors, and rodent paradigms 
relevant to fear, anxiety, depression, schizophrenia, rc*>urd, and drujj addiction. Each chap- 
ter bc&m with a brief history of tlu> early work in the field and the jaescnl hypotheses about 
mechanism* underlying flic expression of the behavior A list of general review articles and 
hooks ts offered for each topic, encouraging the interested reader to gain more in-depth 
knowledge of the relevant literature. 

Standard tests are then presented b detail. I Eighlighted are those tasks ttat have been 
tensely validated in mice. Demonstrations of gerKtic comjKUients of task per fonnancc are 
described, ineludiitg experiments comparing inbred strains of mice (strain distributions), 
<pantitttnve trait loci approaches (UnSci^c analysts), and naturally occurring mutants (spon- 
taneous mutations), .Experimental de$%i and specific behavioral mks arc presented as 
simply as possible. Extensive references are included for each behavioral test to obtain 
more comj^ieit: methods (torn the primary experimental fiieratuic on the topic, 

I llustrations arc provided for ihe most frequently used behavioial tasks, Photogtiifilis of 
the equipn>crii m diagrams of the task accompany the text, Samples of dam arc shown. The 
presentation ts designed to indicate i\& quitlitatsve and quantitative results that can be 
expected when the task is property coiKfuaed 

Each chapter includes tire results of sevend re^escntative expcfimefi«s in which these 
ta.^ are sueccss^liy applied m character^ imnsgc&ic and knockout tnieq, Examples are 
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Transgenic and knockout mutations provide an important means for understanding gene 
function, as well as for developing theraptes for generic diseases, This engaging and informative 
book discusses the many advances in the field of transgenic technology that have enabled 
researches to bring about various changes in the mojuse genome, tqual emphasis I* given to 
both the principles of transgenic and knockout methods and their applications. A clear and 
concise format provides researchers with a comprehensive review of the behavioral paradigms 
appropriate for analyzing mouse phenotypes. 

What's Wrong *Uh My Mouse? explains the differences between transgenic knockout mice and 
their wild-type controls, while providing critical inforrnatkm about gene function and expres- 
sion, This volume recognfces that newly identified genes Can provide useful insights into brain 
functioning, including brain malfunctioning in disease states. Written by a world-renowned 
expert in the field, the material also covers: 

• How to generate a transgenic or knockout mouse 

• Motor functions (open field, boleboard, rotarod, balance, grip, circadian activity etc) 

• Sensory abilities (olfaction, vision, hearing, taste. to^JCh, nociception) 

• Reproductive behavior, social behavior, and emotional behavior 

Researchers rrt neuroscience. pharmacology, genetics, developmental biology, and cell biology 
will all find this book essential reading. 
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